Introduction
============

Glaucoma is an optic neuropathy that causes visual impairment and blindness through neurodegeneration and apoptosis of retinal ganglion cells.[@b1-opth-11-411],[@b2-opth-11-411] Primary open-angle glaucoma (POAG) accounts for over 70% of all glaucoma subtypes.[@b3-opth-11-411] It is estimated that 3.4 million Americans will have POAG by 2020, a 50% increase from the 2.2 million Americans in 2000.[@b4-opth-11-411] Over half of these individuals are undiagnosed or untreated.[@b5-opth-11-411] Current screening techniques have poor sensitivity and are unable to diagnose early POAG. For example, elevated intraocular pressure (IOP) has been used to screen for POAG, but \>50% of POAG patients have an IOP that is \<21 mmHg.[@b6-opth-11-411] Screening using automated perimetry for glaucomatous visual field defects lacks the resolution to detect early POAG, as \>35% of the retinal ganglion cells can be lost before any visual field defects are observed.[@b7-opth-11-411]

Given these limited screening methods, there is a need for new biomarkers of early POAG. Of particular interest is the role of cytokines involved in oxidative stress and inflammation, as these are suspected to have a role in retinal ganglion cell death and the pathogenesis of glaucoma.[@b8-opth-11-411] A number of studies have identified differential expression of cytokines in the aqueous humor and the anterior chamber tissues of patients with POAG.[@b9-opth-11-411]--[@b15-opth-11-411] However, sampling the aqueous humor requires an invasive procedure associated with risks and complications, and thus would be of limited utility as a clinical diagnostic tool. In this study, we have analyzed the tear film of patients with early POAG and healthy control patients. The tear film is easily accessed and potentially a novel screening medium for glaucoma diagnosis. The study was performed with newly diagnosed POAG patients who had not yet received any glaucoma eye drops (eye drop-naïve). We hypothesized that tear film cytokines could be utilized as biomarkers for noninvasive and rapid diagnosis of early POAG.

Methods
=======

Study population
----------------

This study was approved by the Institutional Review Board at Duke University Medical Center and was conducted in accordance with the Declaration of Helsinki. Patients provided written informed consent to participate in the study. Control subjects without eye disease and subjects with a new diagnosis of untreated glaucoma in at least one eye were recruited. Visual acuity, IOP by tonometry and optic nerve head cup-to-disc ratio data were gathered. The diagnostic criteria for glaucoma included the new appearance of general or focal neuroretinal rim thinning, and/or thinning of the retinal nerve fiber layer as seen on optical coherence tomography, and/or a corresponding visual field defect on automated perimetry (Humphrey Field Analyzer II; Carl Zeiss Meditec Inc., Dublin, CA, USA), and open angles by gonioscopy. Diagnosis of glaucoma was made by the subjects' treating ophthalmologist (a fellowship-trained glaucoma specialist). Subjects were characterized as controls if their eyes met none of the diagnostic criteria for glaucomatous changes and had an IOP ≤21 mmHg. Patients were excluded if they had a history of glaucoma eye drop use within the past 1 month (excluding artificial tears), any contact lens use within the past month, any eye surgery within the past year, and any history of an inflammatory eye condition or diabetes.

Tear collection and protein extraction
--------------------------------------

Once informed consent was obtained, tear samples were collected from control and glaucoma patients. Proparacaine was first administered to the eye, and a preweighed Schirmer's tear test strip (Haag-Streit UK Ltd, Harlow, Essex, UK) was placed in the subject's inferior fornix. After 5 minutes, the Schirmer's test strip was again weighed, and the change in weight was used to estimate the volume of collected tears. The test strip was then completely immersed in 70 μL of T-PER (Tissue Protein Extraction Reagent; Pierce Chemical, Rockford, IL, USA) within a sterile microcentrifuge tube and soaked overnight at 4°C. The following day, the Schirmer's tear strip was removed and placed into a second microcentrifuge tube and centrifuged at \>15,000× *g* for 2 minutes in a 4°C cold room. The liquid from the 2 microcentrifuge tubes was combined, and the sample was stored at −80°C until cytokine analysis. Final tear film cytokine concentrations were determined after correcting for dilutions incurred during testing.

Cytokine analysis
-----------------

Thirty-four human tear samples were assayed in singlicate (due to limited sample volumes) using the MSD proinflammatory Panel I, a highly sensitive multiplex enzyme-linked immunosorbent assay (ELISA) for quantitatively measuring 10 cytokines including interferon γ (IFN-γ), interleukin (IL)-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and tumor necrosis factor α (TNFα) from a single small sample volume (25 μL) using an electrochemiluminescent detection method (MesoScale Discovery, Gaithersburg, MD, USA). The mean intraassay coefficients based on the standards run in duplicate for each of the cytokines were \<8.5% for all cytokines ([Table 1](#t1-opth-11-411){ref-type="table"}). For the purposes of statistical analyses, any value that was below the lowest limit of detection (LLOD) for the cytokine assay was replaced with ½ LLOD of the assay. This imputation method is robust and well-established.[@b16-opth-11-411]

Data analysis
-------------

Descriptive statistics were summarized with means and standard deviations for continuous variables and frequencies and percentages for categorical variables. Comparisons of demographic variables were made using two sample *t*-test for continuous variables or Fisher's exact tests for categorical variables. Comparisons between groups for means of cytokines were carried out using generalized estimating equations to account for the correlation between eyes of patients. We analyzed the data using SAS/STAT software (SAS Institute, Inc, Cary, NC, USA). In all cases, a *P*-value \<0.05 was considered statistically significant.

Results
=======

Nineteen patients were enrolled in this study, and tear samples were obtained from a total of 38 eyes. Nine patients (18 eyes) were controls, and 10 patients (16 eyes) were diagnosed with early POAG ([Table 2](#t2-opth-11-411){ref-type="table"}). Samples from 4 eyes that were diagnosed as "glaucoma suspects" were not included for analysis in either group. The average age of control patients was 62.4±8.7 years, and the average age of POAG patients was 61.5±15.2 years (*P*=0.949). There was no difference in sex between control patients and those with newly diagnosed glaucoma (*P*=0.525). The control group had a greater proportion of Caucasian patients (100% vs 60%), though this difference was not statistically significant (*P*=0.142; [Table 2](#t2-opth-11-411){ref-type="table"}).

logMAR visual acuities were similar between the 2 groups: 0.02±0.09 in control patients vs 0.17±0.32 in patients with POAG (*P*=0.094). IOP was 14.9±3.8 mmHg in controls and 17.7±4.3 mmHg in patients with POAG (*P*=0.191). Cup-to-disc ratios were significantly different between the 2 groups: 0.31±0.09 in controls vs 0.75±0.15 in patients with POAG (*P*\<0.001).

Ten cytokines (such as IFNγ, IL-10, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-6, IL-8, and TNFα) were quantified in the tear samples by multiplex ELISA using electrochemiluminescent detection (pg/mL). The range (from minimum to maximum concentrations) for nearly all cytokines spanned 10- to 100-fold in both control and glaucoma groups. In the cases of IFNγ, IL-10, IL-12p70, IL-13, and IL-4, \>25% of samples had concentrations that fell below the LLOD of the assay. Concentrations of IL-1β, IL-2, IL-6, IL-8, and TNFα, however, were all above the LLOD in all samples ([Table 1](#t1-opth-11-411){ref-type="table"}). Mean concentration of 8 or 10 of the cytokines were lower in POAG compared with control patients ([Table 1](#t1-opth-11-411){ref-type="table"}). Mean IL-12p70 cytokine concentrations in tear samples were significantly lower in POAG compared with control patients (2.31±1.156 pg/mL in POAG vs 3.94±2.19 pg/mL in controls; *P*=0.035; range of measurable values 0.53--4.74 pg/mL in POAG vs 1.03--8.67 pg/mL in control patients). There were no statistically significant differences between groups for the other 9 cytokines ([Table 3](#t3-opth-11-411){ref-type="table"}).

Discussion
==========

In studies using aqueous humor specimens, cytokine concentration results have been variable in patients with and without glaucoma. In some studies, multiplex cytokine analyses have found several cytokines elevated in open-angle glaucoma.[@b15-opth-11-411],[@b17-opth-11-411] Although other studies have reported lower aqueous IL-6 concentrations in glaucoma, no other cytokines tested were significantly different between patients with glaucoma and controls.[@b11-opth-11-411],[@b14-opth-11-411] These results highlight the complex association of inflammation and glaucoma pathogenesis.[@b8-opth-11-411] Furthermore, cytokine profiles in the aqueous may change after the use of glaucoma medication, cataract extraction, or selective laser trabeculoplasty, which complicates the interpretation of previous studies.[@b17-opth-11-411],[@b18-opth-11-411] The effect of topical medical therapy on aqueous humor cytokines is not known and could be a potential confounder of cytokine levels in previous studies of patients with chronic glaucoma.[@b19-opth-11-411]

In this study, we analyzed tear film cytokine concentrations. This approach has the advantage that tear samples can be collected less invasively than aqueous humor specimens and therefore represents a more practical screening test. A major strength of this study is that our glaucoma subjects had not been exposed to prior glaucoma eye medications, laser, or ocular surgery, all of which may alter the inflammatory environment of the ocular surface. In chronically medically treated patients with glaucoma, tear cytokine concentrations of monocyte chemoattractant protein 1 have been elevated relative to that in control patients.[@b20-opth-11-411] Chronically medicated glaucoma patients also demonstrate upregulation of chemokine receptors on the ocular surface and an increase in proinflammatory tear cytokines.[@b21-opth-11-411],[@b22-opth-11-411] Preservatives in ocular drops may also play a role in increasing tear cytokines.[@b23-opth-11-411]

Interestingly, in our study, the assayed cytokines were generally lower in POAG patients, but 1 cytokine in particular, IL-12p70, was significantly lower in POAG patients. IL-12p70 levels must be interpreted with caution as 28.9% of samples were below the LLOD. In future, we can consider incubating the Schirmer's tear test strip in less T-PER to yield a more concentrated tear sample. However, the fact that tear film concentrations of this cytokine were low in POAG patients is contrary to previous studies that showed higher cytokine concentrations in POAG patients, with preferential increase of cytokines involved in the T helper cell Type 1 pathway.[@b22-opth-11-411] A possible explanation for our result may be related to differences of our study population compared with prior studies, as it included only eye drop-naïve patients with newly diagnosed POAG rather than chronically treated glaucoma patients.

The significance of lower cytokines in POAG patients as well as the relationship between cytokines and disease mechanism is unclear. Cytokines may play a role beyond inducing an inflammatory response. For example, in aqueous studies, transforming growth factor β was elevated in patients with POAG.[@b14-opth-11-411],[@b19-opth-11-411] Active transforming growth factor β was higher in the aqueous of POAG eyes than in eyes with uveitis-related secondary glaucoma.[@b19-opth-11-411],[@b24-opth-11-411] This cytokine has both pro- and anti-inflammatory properties.[@b25-opth-11-411] This means that a rise of this cytokine in a patient could be explained as worsening disease or be the result of a protective compensatory response by anterior chamber cells. Without longitudinal data, we do not know how cytokines change throughout the course of disease. Cytokines may initially be decreased relative to controls before increasing, or vice versa. Another example of a noninflammatory function for cytokines was observed through IL-1-mediated pathways that were not proinflammatory, but rather a protective response to cellular stress in the anterior chamber of glaucomatous eyes.[@b13-opth-11-411]

There are several limitations of the present study. Although we recruited sufficient numbers of patients to detect statistically significant differences in cytokine expression, a larger sample size would be desirable. Another major limitation was that only a limited number of cytokines were assessed, focusing initially on proinflammatory cytokines, necessitated by the limited sample volumes available for analyses. A third limitation is the current absence of longitudinal data. It would be clinically useful to determine how cytokine expression changes with disease progression or with successful glaucoma therapy. We also do not have data on the variability and reproducibility of this method of sample collection in our study population. Furthermore, although tear sample are easily obtained, they are also exposed to environmental factors and/or ocular surface conditions that could influence and confound cytokine analysis. The effect on assay results due to use of proparacaine, reflex tearing, or collection method (Schirmer's strips) was not investigated. However, we would expect any effect to tear cytokine concentrations due to the collection method to influence values of both control and POAG samples. This limitation is less of an issue as we are most interested in the relative values between the 2 groups rather than the absolute concentrations. This study, although small, provides results to calculate the appropriate sample size for adequate powering of a follow-up study.

Conclusion
==========

Despite the small amount of protein available in a small tear film sample collected from patients, we have demonstrated that it is possible to quantitatively detect protein analytes, such as cytokines. IL-12p70 was statistically lower in eye drop-naïve POAG patients than comparable control patients. Using this novel noninvasive method of sample collection, cytokines and chemokines that are differentially expressed can be identified and utilized to elucidate mechanisms involved in the development and progression of glaucoma, leading to the identification of potential diagnostic biomarkers for POAG.
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###### 

Number and percentage of samples below the LLOD and mean IC

  Cytokine   \<LLOD (%)   IC %   \<LLOD and POAG (%)
  ---------- ------------ ------ ---------------------
  IFNγ       11 (28.9)    6.0    2 (12.5)
  IL-10      13 (34.2)    3.8    4 (25.0)
  IL-12p70   11 (28.9)    8.5    3 (18.8)
  IL-13      10 (26.3)    7.7    4 (25.0)
  IL-1β      0 (0.0)      3.0    0 (0.0)
  IL-2       0 (0.0)      3.4    0 (0.0)
  IL-4       24 (63.2)    7.3    10 (62.5)
  IL-6       0 (0.0)      4.9    0 (0)
  IL-8       0 (0.0)      2.1    0 (0)
  TNF-α      0 (0.0)      3.2    0 (0)

**Note:** The final column reports the number and percentage of subjects with POAG whose samples were below the LLOD.

**Abbreviations:** LLOD, lower limit of detection; POAG, primary open-angle glaucoma; IC, intraassay coefficients; IFNγ, interferon γ; IL, interleukin; TNFα, tumor necrosis factor α.

###### 

Demographic and patient characteristic data of control and POAG patients

  Demographics                  Control (n=9), mean ± SD                POAG (n=10), mean ± SD               *P*-value
  ----------------------------- --------------------------------------- ------------------------------------ ----------------------------------------------------------
  Age (years)                   62.4±8.7                                61.5±15.2                            0.949[a](#tfn3-opth-11-411){ref-type="table-fn"}
  Female n (%)                  8 (89%)                                 6 (60%)                              0.525[b](#tfn4-opth-11-411){ref-type="table-fn"}
  Ethnicity                                                                                                  
   African American             0 (0%)                                  3 (30%)                              0.142[b](#tfn4-opth-11-411){ref-type="table-fn"}
   Caucasian                    9 (100%)                                6 (60%)                              
   Middle Eastern               0 (0%)                                  1 (10%)                              
                                                                                                             
  **Patient characteristics**   **Control (n**=**18), mean** ± **SD**   **POAG (n**=**16), mean** ± **SD**   ***P*-value[c](#tfn5-opth-11-411){ref-type="table-fn"}**
                                                                                                             
  logMAR visual acuity          0.02±0.9                                0.17±0.32                            0.094
  Intraocular pressure          14.9±3.8                                17.7±4.3                             0.191
  Cup-to-disc ratio             0.31±0.9                                0.75±0.15                            \<**0.001[\*](#tfn6-opth-11-411){ref-type="table-fn"}**

**Notes:**

*P*-value based on two-tailed *t*-test of difference among means;

*P*-value based on Fisher's exact test of difference among proportions;

*P*-value based on score statistic from GEE analysis of difference between means accounting for correlation between eyes;

*P*\<0.05. Bold figure indicates value was \<0.05.

**Abbreviations:** POAG, primary open-angle glaucoma; SD, standard deviation; GEE, generalized estimating equations.

###### 

Cytokine levels of control and glaucoma POAG patients

  Cytokine   Control (n=18)                          POAG (n=16)                            *P*-value[\*](#tfn8-opth-11-411){ref-type="table-fn"}
  ---------- --------------------------------------- -------------------------------------- -------------------------------------------------------
  IFNγ       16.85±20.10 (1.18--66.83)               14.76±13.99 (2.79--54.72)              0.910
  IL-10      1.35±1.69 (0.10--5.75)                  1.46±1.73 (0.20--7.14)                 0.521
  IL-12p70   3.94±2.19 (1.03--8.67)                  2.31±1.16 (0.53--4.74)                 **0.035**
  IL-13      30.94±26.92 (2.98--91.39)               18.18±11.23 (3.83--36.46)              0.328
  IL-1β      19.22±16.71 (2.87--60.46)               9.00±6.08 (1.37--23.98)                0.063
  IL-2       5.06±4.59 (0.85--16.53)                 3.38±1.66 (1.02--5.81)                 0.482
  IL-4       0.38±0.34 (0.06--1.18)                  0.25±0.26 (0.03--1.10)                 0.162
  IL-6       86.71±88.45 (8.07--356.78)              54.62±67.09 (7.39--270.65)             0.173
  IL-8       4,326.52±5,766.80 (625.19--25,596.07)   2,021.11±1,584.43 (269.25--6,615.59)   0.167
  TNFα       4.86±2.96 (1.89--12.40)                 4.91±1.91 (1.19--8.06)                 0.727

**Notes:**

*P*-value based on score statistic from GEE analysis of difference between means accounting for correlation between eyes. The log transformation of cytokines rendered the distributions normal and was used in the analysis. IL12p70 cytokine values were significantly lower in POAG patients. Bold figure indicates value was \<0.05.

**Abbreviations:** POAG, primary open-angle glaucoma; IFNγ, interferon γ; IL, interleukin; TNFα, tumor necrosis factor α; SD, standard deviation; GEE, generalized estimating equations.
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